DNA methylation acts as a switch that controls gene expression, giving rise to distinct patterns in cells by the interaction of genetic and environmental influences (1) . In mammals, it occurs almost exclusively at the 5-position of the pyrimidine ring of cytosines in the context of the dinucleotide CpG. Changes in patterns of DNA methylation are important contributors to the pathogenesis of various human diseases (2) , especially cancer where methylation exhibits tumor-specific patterns (3) . A wide range of techniques has been presented in the past few years by which qualitative and/or quantitative information about either single methylation variable positions (MVPs) or overall genomic methylation levels can be obtained (4) . We recently presented a quantitative assay for epigenotyping based on primer extension and matrix-assisted laser desorption (MALDI) mass spectrometric detection (5) . Because of the high density of MVPs in CpG islands, it is often difficult or impossible to place oligonucleotides for primer extension reactions. A possible solution is the use of primers with degenerate bases, but the annealing behavior gets increasingly difficult with the number of degenerate bases incorporated, thereby complicating the calibration and analysis of MVPs (5) . Pyrosequencing technology (Pyrosequencing AB, Uppsala, Sweden) is a sequencing-by-synthesis method that relies on the luminometric detection of pyrophosphate release upon nucleotide incorporation via an enzymatic cascade (6) . It has been applied to genotyping (7) and haplotyping (8) of single nucleotide polymorphisms (SNPs) and microbial typing (9) . An important feature of the technology is the close correlation between the peak heights in a Pyrogram (Pyrosequencing AB), representing the sequence raw data, and the amount of nucleotides incorporated by the DNA polymerase during the Pyrosequencing reaction that allows for precise allele frequency determination for a SNP in pooled DNA samples (10) (11) (12) . Very recently, an approach to the analysis of the degree of methylation on a single MVP after bisulfite treatment was shown using mixtures of PCR products for calibration (13) . Bisulfite treatment converts unmethylated cytosines to uracils, while methylated cytosines remain unchanged under the appropriate reaction conditions. Therefore, after PCR, methylation sites can be treated as C/T SNPs with an allele frequency spectrum spanning the entire range (0%-100%). Here we demonstrate the Pyrosequencing technology to analyze and precisely quantify the degree of DNA methylation. Up to six MVPs were examined simultaneously in a single Pyrosequencing reaction. The method is amenable to the analysis of bisulfite-treated DNA derived from paraffin-embedded tissue samples, highly reproducible, and accurate if calibration is carried out properly (to detect any biased PCR amplification).
A fragment of the CpG island encompassing the transcription start of the glutathione-S-transferase π (GSTP1) was chosen for biological reasons. Unmethylated in normal prostate tissue, MVPs in this gene segment are highly methylated in tumors (14) . A 140-bp fragment was amplified that contained 17 MVPs, of which 15 were analyzed with four sequencing primers (Table 1) . Sequencing primers were designed with the help of online SNP primer design software (Pyrosequencing AB) where some of the MVPs were replaced by one of the possible bases to limit the number of calculations. Designed sequencing primers were manually checked for mispriming sites. In addition, negative controls were run on the PSQ 96MA instrument (Pyrosequencing AB) to check for the occurrence of background generated from the sequencing primers, biotinylated primers, or the template. Sequencing primers showing background were redesigned. PCR primers (MWG, Ebersberg, Germany) were generally designed to be fully complementary to the deaminated strand and did not cover any MVPs. For amplification of the gene segment spanning the transcription start of GSTP1, 10 pmol each forward (5′-GTGATTTAGTATTGG-3′) and reverse (5′-biotin-AACTCTAA-ACCCCATC-3′) primer and 10 ng bisulfite-converted DNA or 10 fmol purified PCR product, respectively, as template were used to yield a 144-bp product. The reaction conditions were 60 mM Tris-SO 4 , pH 8.9, 18 mM (NH 4 ) 2 SO 4 , 1 mM MgSO 4 , 200 µM dNTPs, and 3 U Platinum ® Taq DNA polymerase High Fidelity (Invitrogen, Carlsbad, CA, USA) in a 50-µL volume. Mixtures were denatured for 4 min at 95°C and then thermal-cycled for 30 s at 95°C, 45 s at 50°C, and 20 s at 72°C, repeating the cycle 50 times to ensure complete exhaustion of the primers. A final extension step at 72°C for 4 min terminated the program. Thermal cycling procedures were carried out in an Eppendorf ® Mastercycler ® 96 Gradient (Brinkmann Instruments, Hamburg, Germany). Preparation of mixtures of PCR products has been described in detail elsewhere (5) . ssDNA template was prepared from 20-25 µL biotinylated PCR product using streptavidin Sepharose ® HP beads (Amersham Biosciences, Uppsala, Sweden) following the PSQ 96 sample preparation guide using multichannel pipets. Fifteen picomoles of the respective sequencing primer were added for analysis. Sequencing was performed on a PSQ 96MA system with the SNP Reagent Kit (Pyrosequencing AB) according to the manufacturer's instruc-Analysis and quantification of multiple methylation variable positions in CpG islands by Pyrosequencing  tion without further optimization. For quantitation, four PCR products/sample were analyzed to account for differences in the PCR performance. The degree of methylation was calculated as allele frequency [methylation % = peak height methylated/(peak height methylated + peak height unmethylated)*100] using the allele quantification functionality of the PSQ 96MA software. Calibration curves were recorded for the 15 positions using five mixtures of PCR products (0%, 25%, 50%, 75%, and 100% methylation) prepared from cloned completely methylated and unmethylated human DNA. Highly linear calibration curves were recorded with a correlation factor greater than or equal to 0.99, a slope of approximately 1, and a standard deviation of approximately 1% for all positions ( Figure 1A , position 10). However, if calibration was performed after mixing the two cloned DNA templates before PCR amplification, then calibration did not show a linear trend. A polynomial fit of the third order gave correlation coefficients greater than 0.99 and standard deviations around 1% for each sample and each position ( Figure 1B , position 10). Figure 1C shows the resulting Pyrograms for positions 5-10. This example stresses several strengths of the Pyrosequencing assay. Six MVPs could be analyzed simultaneously, thereby significantly decreasing the cost and effort per position. Position 10 is in a homopolymeric stretch that results in a 4-to 5-fold incorporation of T, but calibration was as accurate as for the other positions. Calibration curves only differed slightly between the 15 positions analyzed. As the Pyrosequencing technology has been shown to be a quantitative detection platform giving absolute results, the shape of the calibration curves depends exclusively on the PCR amplification. In this case, the shape is due to a PCR bias towards the unmethylated allele caused by a sequence difference of 12% between the completely methylated and unmethylated allele. The difference in the number of hydrogen bonds (methylated = C-rich, unmethylated = T-rich) strongly influences the melting and annealing properties during PCR amplification. This underlines the necessity for control for preferential amplification during PCR or appropriate calibration accounting for this phenomenon. We analyzed nine samples taken from different regions of a paraffin-embedded cancerous prostate tissue biopsy, which was extracted and bisulfite-treated as previously described (5). All samples could be successfully analyzed (Table 2 ). Figure 2 shows an example of the analysis of 15 MVPs with the four different sequencing primers of one sample. A high degree of comethylation was found, and samples ranged in their degree of methylation between 30% and 90% in terms of the position of sampling and the distance to the center of the tumor. Standard deviation was again approximately 1% if four PCR products of the same sample were analyzed to account for differences in PCR performance. To verify our results, we also used primers in reverse direction, sequencing a single-stranded PCR product amplified using a biotinylated forward primer. Again, all positions could be analyzed successfully. However, the accuracy was slightly lower than for the forward sequencing primers, as the methylation degree on MVPs is now analyzed as A/G SNP (standard deviation 2%-3%). A possible explanation is the use of α-S-dATP instead of dATP in the Pyrosequencing reaction, resulting in slightly higher A signal intensities in the Pyrogram compared to G, T, or C. If the calibration curves were recorded at the same time as the analysis of the biological samples was performed, the same accuracy as with forward sequencing primers could be obtained. This approach may offer an alternative approach if sequencing primers in the forward direction give rise to background signals that may complicate the accurate analysis of MVPs.
For further verification, two MVPs (M-4 and M10) were analyzed by the GOOD assay for epigenotyping (5) and by the Pyrosequencing technology. The two positions were chosen for epigenotyping with mass spectrometric detection, as the primers for primer extension reaction (Table 1) did not contain any degenerate bases that might complicate the annealing behavior. For direct comparison of biological samples between the two technologies, 50-µL PCRs were split and analyzed by both methods. Calibration curves for the Table 2 were analyzed with four sequencing primers, GSTP1 M-7 (A), M-4 (B), M1 (C), and M5 (D).
GOOD assay were similar to those obtained by the Pyrosequencing technology. Results obtained with the two technologies differed at most by 5% ( Table  2 ). The mean standard deviation for mass spectrometric results was around 2%, while it was around 1% for analysis with the PSQ 96MA. Our experiments demonstrate for the first time the simultaneous quantitative analysis of several variable positions in a single Pyrosequencing reaction. The simultaneous analysis of up to six positions provides a viable alternative to multiplexing using several sequencing primers, which is difficult because of the low sequence diversity of bisulfitetreated DNA. Sequencing primers should only be positioned in sequence stretches containing no MVPs, thereby not introducing further possibilities of bias. All MVPs including those in homopolymeric sequences could be successfully analyzed in biological samples without a loss of accuracy. An important factor to stress if dealing with bisulfite-treated genomic DNA is to check for preferential amplification of an allele during PCR. Calibration using mixtures of PCR products amplified from completely methylated and unmethylated DNA may not be necessary, as the Pyrosequencing technology-in the absence of a PCR biasgives absolute quantitative results. However, the sequence difference after bisulfite treatment of methylated and unmethylated DNA may give rise to PCR bias (15) , which is impossible to predict. The approach of recording calibration curves for the PCR fragments of interest allows for accurate quantification and compensates for any effects influencing the calibration results.
The application of Pyrosequencing technology for the analysis of DNA methylation is quite straightforward, and no further optimization of the technology was necessary. A major advantage compared to primer extension methods for allele discrimination is the possibility to analyze practically all MVPs in a fragment of interest with few sequencing primers. Usually, not all MVPs are accessible to primer extension reactions because of their close proximity. Sequencing primers can be placed in regions containing no variable positions, as the use of primers containing degenerate bases has been shown to influence the annealing behavior and may complicate accurate quantification (5) . The biological samples analyzed in this study exhibited a high degree of co-methylation. Therefore, it may be sufficient to analyze only a few MVPs to yield sufficient information, which can be done by both technologies with sufficient resolution. Because of its possibility of automation, the GOOD assay has its advantages when it comes to the analysis of a large number of samples. For smaller sample sizes and first screens for differentially methylated positions, the Pyrosequencing technology may be more appropriate. Our study comes into context with current pilot projects to create a map of epigenetic patterns in different nondiseased human tissues (1) to localize these MVPs. The presented assay is a fast, easy-to-implement, and accurate assay for the analysis and quantification of DNA methylation.
